The pathophysiological significance of hyperviscosity and capillary rarefaction in untreated essential hypertension is unknown. Fifty untreated hypertensive men with capillary rarefaction (intravital capillaroscopy) and 20 age-and sex-matched normotensive controls underwent full haemorheological profiling (blood viscosity at high and low shear, haematocrit, platelet and leukocyte counts, fibrinogen and total protein concentrations, P-selectin levels, erythrocyte and leukocyte filterability rates and erythrocyte deformability and aggregation indexes). Subjects with skin capillary density below the group median had younger age, higher dia-
Introduction
Arterial blood pressure is determined by cardiac output and by total peripheral resistance; the latter being related not only to geometric vascular hindrance but also to intrinsic viscosity of the blood. 1 Blood viscosity correlates with arterial pressure across the whole population range 2 but the pathophysiological significance of increased blood viscosity in essential hypertension is not known. Theoretically, it contributes to the increase in peripheral resistance, as suggested by its stronger correlation to diastolic rather than to systolic blood pressure 1 and by its correlations with in vivo haemodynamics. 3 Hyperviscosity may be associated to an unfavourable prognosis in hypertension, since it is correlated with the severity and complications of preclinical hypertensive disease including left ventricular hypertrophy. 1, 3 Lack of capillaries may also be involved in the increased total peripheral resistance in essential hypertension as reduction in capillary density per volume of tissue occurs. 4 Rarefaction of capillaries stolic pressure, higher blood viscosity at low shear, higher P-selectin levels, higher erythrocyte and leukocyte filterability rates, and higher erythrocyte aggregation indexes (all P Ͻ 0.01). In contrast, patients with greater skin capillary density had a greater plasma viscosity (P Ͻ 0.05). The conclusions were that in untreated hypertensive men, capillary rarefaction and hyperviscosity are associated to an increased diastolic blood pressure and to an adverse haemorheological profile. and arterioles has been reported in nearly all animal models of hypertension 5 and recently, with the development of the intravital capillary video microscopy, Antonios et al 6 showed that the reduction in capillary density in hypertension is due to the anatomic absence of capillaries rather than to their reduced functioning. Microvascular rarefaction tends to reduce the vessel surface area available for oxygen delivery and to increase the diffusional distance between vessels and their target cells. 7 The resulting ischaemia may trigger abnormalities such as leukocyte and platelet activations and adhesive interactions which have been observed in other forms of ischaemia in animals and humans. 8, 9 As little is known about the clinical significance of capillary rarefaction in hypertensive patients, we planned the present study to investigate whether an association exists between capillary density and several microcirculatory abnormalities in never-treated subjects with recently discovered essential hypertension.
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Methods
Patients
We enrolled 50 consecutive men (age range 28-45 years) with recently discovered, never-treated essential hypertension and skin capillary rarefaction (see subsequently), who attended the Angiology Section of the Department of Clinical and Experimental Medicine, Perugia General Hospital. Exclusion criteria were smoking, secondary hypertension, cold hands, Raynaud's phenomenon, diabetes mellitus, hyperlipaemia (serum cholesterol Ͼ6.21 mmol/L and/or serum triglycerides Ͼ4.14 mmol/L), history of cardiovascular or chronic diseases, recent infection or surgery, alcoholism and any pharmacological therapy. All subjects had no cardiovascular abnormalities as shown by normal 12-lead electrocardiogram and M-mode and colour-Doppler echocardiogram.
All subjects had systolic blood pressure Ͼ160 mm Hg and/or diastolic pressure Ͼ90 mm Hg on two separate occasions. Blood pressure was measured by a physician in the hospital clinic with a mercury sphygmomanometer, after the subject sat for у10 minutes in a quiet room. The average of three measurements was considered for the analysis.
Skin capillary density was assessed by intravital capillaroscopy using standard methodology 6 as determined by a single operator in a temperaturecontrolled laboratory (21-24°C). Briefly, the nondominant hand and forearm rested on a splint surrounded by a vacuum pillow. Video-microscopy with an epi-illuminated microscope containing a 100-W mercury vapour lamp light source, a PL 6.3/0.2 objective (Videocap 300, Scalar Co. Ltd) and a final magnification of ×196 was used. The skin of the dorsum of the mid-phalanx of the index finger was examined. Four microscopic fields (0.68 mm 2 each) centred around an ink spot were recorded continuously for 5 min to detect intermittently perfused capillaries. The number of capillaries per field was counted by hand from still-frame video prints and from live playback of the recorded tapes. We included in the study only hypertensive subjects with capillary rarefaction, defined as Ͻ80 capillaries per field. The intra-observer coefficient of variation in our laboratory was 6.0% (mean ± SD of the difference 1.1 ± 2.5 capillaries per field).
Twenty age-matched normotensive healthy control men (systolic blood pressure Ͻ140 mm Hg and diastolic blood pressure Ͻ80 mm Hg) were also examined. All were members of the hospital staff or subjects examined for clinical check-up and found healthy.
All subjects underwent a clinical check-up which included body mass index determination (kg/m 2 ), blood pressure measurement (as described above), and routine blood tests. Table 1 showed no significant differences between the hypertensive group and the control normotensive subjects, apart from capillary density, blood pressure levels and related parameters.
Blood measurements
Blood samples were drawn from an antecubital vein. Whole blood viscosity at corrected haematocrit 10 was measured with a rotational viscometer (Rotovisco Haake RV 100/CV100, measuring system ZB30, by ENCO srl, Chirignago, Venice, Italy) at a temperature of 37°C and a high shear of 94.5/s and a low shear rate of 0.94/s, and a shear rate of 300/s for plasma according to the recommendation of the International Committee for Standardization in Haematology. 11 Plasma levels of fibrinogen were assayed by radial immunodiffusion on Partigen plates (NOR-Partigen plates, Behringwerke, Germany). Total protein concentrations were assessed using the biuret reaction. Platelet and leukocyte counts were assayed by an automatic analyser. Haematocrit was measured by microcentrifugation at 12500 g for 5 min, and results were expressed as the percentage of erythrocytes in total blood volume. Plasma soluble P-selectin concentration was measured by a standard ELISA assay (Takara Shuzo Co Ltd, Japan).
To calculate erythrocyte filterability rate, erythrocytes were separated after centrifugation at 3000 g for 10 min, and the plasma buffy coat and the upper 10% of packed erythrocytes were aspirated and discarded. Erythrocytes from the middle part of the erythrocyte column were suspended in phosphate buffered saline (PBS, pH 7.4, osmolality 290 mOsm/kg, Dulbecco A, Oxoid Ltd, UK) at a 10% haematocrit. Each sample of erythrocyte suspension was diluted 1:10 in 2% glacial acetic acid to which a few grains of crystal violet stain (Sigma, UK) had been added. Leukocyte contamination was then checked in a Neubauer counting chamber (Gallenkamp, UK) using a light microscope. Viability was 100% with more than 98% purity.
Unfractionated leukocyte filterability rate was measured after separation and suspension in PBS. Plasma rich in white blood cells but relatively few red blood cells and platelets was obtained according to the method of Mikita et al. 12 It was prepared for filtration by suspending it in a 2% PBS. Viability, estimated by Trypan blue exclusion, was more than 98%. Quality was satisfactory. Microscopic counts showed that the quotient of red/white cell counts was 1.2 ± 1.6 (mean ± SD, range 0.4 -4.0), while the number of platelets in the final washed suspension outnumbered the leukocytes by 7.2:1 (range, 6:1 to 19:1).
All filtration procedures were carried out at room temperature (25 ± 1°C). The methodology of filtration has been described in detail elsewhere. 13 Briefly, each suspension sample was filtered at 1.5 mL/min by a constant-flow syringe pump (Vickers, UK) for 6 min, and the pressure rise was monitored by a pressure transducer (Bell and Howell, UK) linked to an amplifier (Gaeltech, UK) and a chart recorder (Logos Spa, Italy). The filterability rate was expressed as the final filtration pressure generated by the cell suspension relative to the buffer, previously filtered through the same filter. A reduced filterability rate, corresponding to a reduced filtration pressure, expressed a better cell deform- ability. A single batch of nucleopore membrane (Nucleopore Corporation, CA, USA) with a pore diameter of 5 m was used throughout the study for all filtrations. After filtration no significant difference was found in the percentage of 'active' cells, as defined by Nash et al 14 in the cell suspensions. Red cell aggregation index was calculated as the ratio of blood viscosity at haematocrit corrected to 45% to plasma viscosity. 15 This parameter estimates erythrocyte aggregation when viscosity is measured at low shear rates. Dynamic red blood cell deformability index was calculated as described, 15 as an index of red blood cell deformability when viscosity is measured at high shear rates.
Statistical analysis
Data are presented as mean ± standard deviation. The Kolmogorov-Smirnov algorithm was used to determine whether each variable had a normal distribution. Between-groups differences were estimated by independent-samples t-test for normally distributed continuous data, and by 2 distribution for categorical variables. Bivariate correlations were estimated through Pearson's correlation coefficients. P Ͻ 0.05 was considered statistically significant.
Results
Hypertensive subjects were arbitrarily divided according to whether skin capillary density was above or below the group median (68 capillaries per microscopic field). In the 26 patients with capillary density above the group median (pattern A), mean capillary density per field was 73.0 ± 3; in the remaining 24 patients (pattern B), it was 63.1 ± 2. Clinically, no significant difference emerged between control subjects and hypertensive patients, apart from capillary density, blood pressure levels, and related parameters ( Table 1) .
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Control subjects vs hypertensive patients
In hypertensive patients, blood viscosity at high and low shear and plasma viscosity were significantly (P Ͻ 0.01) higher than in controls (by 11%, 25% and 2% respectively). Fibrinogen levels were also significantly higher by 8% (P Ͻ 0.01). Red blood cell, unfractionated leukocyte filterability and soluble Pselectin levels were significantly (P Ͻ 0.01) increased (19%, 8% and 45% respectively). Dynamic erythrocyte deformability and aggregation indexes were significantly higher by 7% and 23%, respectively (both P Ͻ 0.01, Table 2 ).
Pattern A vs pattern B
Hypertensive patients with capillaroscopic pattern A (greater skin capillary density) were significantly older and had a greater body mass index and a lower diastolic blood pressure (all P Ͻ 0.01) than patients with pattern B. Fewer of them had a family history of hypertension (P Ͻ 0.01) ( Table 1) . Blood viscosity at low shear was significantly lower (P Ͻ 0.01). Plasma viscosity, fibrinogen and total protein concentrations were significantly higher (by 2%, 8%, and 5% respectively, all P Ͻ 0.05). P-selectin levels were significantly lower (P Ͻ 0.01); erythrocyte and unfractionated leukocyte filterability rates, and erythrocyte aggregation index were significantly lower (−7%, −6% and −10%, respectively; all P Ͻ 0.01). Haematocrit was significantly higher by 3% (P Ͻ 0.01; Table 2 ).
Discussion
This study confirms that much of the reduction in capillary density in hypertension is due to lack of capillaries. 6 Moreover, it shows for the first time that essential hypertension is associated with two patterns of skin capillary density. Capillary rarefaction appears to co-exist, rather than develop secondary to sustained hypertension. At first diagnosis of essential hypertension in our 50 subjects, capillary density correlated strongly with age (r = 0.40, P Ͻ 0.05). Hypertensives with pattern B (lower skin capillary density) are significantly younger and have a greater prevalence of family history of hypertension than subjects with pattern A.
Our results show that blood viscosity is increased at all shears in the early phases of essential hypertension, due to decreased erythrocyte deformability, impaired dynamic erythrocyte deformability and aggregation, and increased plasma viscosity. Increased plasma viscosity may in turn result from higher fibrinogen levels 1, 3 which may arise from a chronic-phase protein reaction, possibly associated with the increased catecholamine release in hypertension. 1 In hypertension, erythrocyte rheological impairment could be related to a cell sodium transport defect.
1 When injured by turbulence, these rigid erythrocytes can release adenosine diphosphate (ADP), which may contribute to platelet and leucocyte activation. 16 Our findings of elevated soluble P-selectin levels, an index of platelet activation, 17 along with impaired leukocyte rheology in essential hypertension confirm the hypothesis formulated by Dintenfass, who speculated that platelet and leukocyte activation may play a role in increasing blood viscosity in the early phases of essential hypertension. 16 Blood viscosity was determined mainly by biohumoural factors in hypertensive patients with pattern A capillary density, and by cellular factors in those with pattern B. In pattern A, plasma viscosity is significantly increased due to increased total plasma protein and fibrinogen concentrations. The associated rise in haematocrit may be due to plasma volume contraction which is directly associated with the transcapillary shift of extracellular fluid. 1 In patients with lower skin capillary density (pattern B), we found a greater degree of platelet activation and a more advanced impairment in leukocyte rheology, thus suggesting the involvement of additional factors, including the lower skin capillary density, and/or the greater prevalence of familial hypertension, both of which seem linked to a genetic basis. In these patients, moreover, diastolic blood pressure was significantly higher and hypertension was diagnosed at a younger age. Whatever the factor, in pattern B impaired leukocyte rheology is associated with platelet activation, 17 supporting the hypothesis of platelet-leukocyte interactions. 9 These interactions cause erythrocyte sludging, small-vessel occlusion and ADP release by erythrocytes, which activates leucocytes and platelets and maintains a vicious circle of interactions. 16 The final point to emerge is that the pattern of impaired blood rheology in these hypertensive males with capillary rarefaction is similar to what has been reported in controlled ischaemia. 18 Increased whole blood viscosity at low shear, such as we observed in these subjects, influences venous resistance and thus venous return. 19 High venous resistance is associated with a low pressure gradient, abnormalities in microvascular blood flow and reduced tissue perfusion in the microcirculation. 19 Interestingly, blood viscosity at low shear most closely correlated with skin capillary density (r = 537 0.47, P Ͻ 0.01). In hypertensives with a lower skin capillary density, (ie pattern B) tissue perfusion is even more impaired, due to reduced local oxygen availability and may lead to local hypoxia and acidosis. 19 All these alterations facilitate leukocyte activation. Rigid aggregates of blood cells may lead to a significant rise in local blood viscosity and to an increase in the critical capillary radius for the inversion phenomenon. 16 The inversion phenomenon is followed by microvascular blood flow abnormalities which increase total peripheral resistance. 16 These findings, particularly in the subgroup of hypertensives with a significantly lower skin capillary density, may help to elucidate the pathophysiological significance of increased whole blood viscosity in essential hypertension. Further evidence in support of this hypothesis comes from the linear correlation between skin capillary density and diastolic pressure (r = 0.34, P Ͻ 0.01) which, as has been reported, directly correlates with total peripheral resistance. 16 
